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NOVEL RXR-CONTAINING HETERODIMERS 
AND METHOD OF USE 

This invention was made with government support under Grant 
5 Numbers DK35083 and CA50676 from the Nationa] Institutes of Health. The 
U.S. Government has certain rights in this invention. 

Throughout this application various publications are referenced by 
numbers within parentheses. Full citations for these publications may be found 
10 at the end of the specification immediately preceding the claims. The 

disclosures of these publications in their entireties are hereby incoTDorated by 
reference into this application in order to more fully describe the state of the art 
to which this invention pertains. 

15 RArTCrTROUN Ti OF TRH INVENTION 

Thyroid hormones as well as retinoic acid (RA) function through 
multiple nuclear receptors that belong to the steroid/thyroid hormone receptor 
superfamily (reviewed by Evans 1988; Green and Chambon, 1988). The thyroid 

20 hormone receptors (TR) are encoded by two genes (Weinberger et aL, 1986; 
Jansson et al., 1983). referred to as TRa and TRJ3 from which multiple isoforms 
are generated (Benbrook and Pfahl, 1987; Nakai et al., 1988; Mitsuhashi et al., 
1988; Lazar et al., 1989; Koenig et al., 1989; Sakurai et al., 1989; Hodin et al., 
1989). The known TRa subtypes are generated by alternative mRNA splicing 

25 yielding several isoforms with distinct carboxyterminal regions (Sap et al., 1986; 
Benbrook and Pfahl, 1987; Thompson et al., 1987; Mitsuhashi et al, 1988; Nakai 
et al., 1988). Only one of these isoforms, TRa-1, is a classical ligand dependent 
transcriptional activator,, while for the other, splicing variants (TRa-2 and TRa- 
2V) a function as transcriptional activator could not be demonstrated 

30 (Mitsuhashi et al, 1988; Lazar et al.. 1989; Koenig et al., 1989;. Schueler et al., 
1990; Hermann et al., 1991). Although TRa-2 has been shown to exhibit weak 
repressor activity (Lazar et al., 1989; Koenig et al., 1989; Hermann et al., 1991), 
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the biological functions of the carboxytenninal TRa variants are not well 
understood. Two TRB forms have been described (Weinberger et a!., 1986; 
vHodin et al., 1989) that differ in their amino terminal regions and both arc 
transcriptional activators. Besides their classical roles as ligand dependent 
5 enhancer proteins, TRa-1 and TRB-l fiinction as transcriptional repressors 
and/or silencer proteins in the absence of ligand (Graupner et al., 1989; Darain 
et al, 1989; Zhang et al., 1991b; Brent et al., 1989; Graupner et al., 1991; 
Baniahmad et al., 1990). 

20 Retinoic acid receptors (RAR) are encoded by three genes RARtr, 

J, and 7(Petkovich et al., 1987; Giguere et al., 1987; Benbrook et al., 1988; 
Krust et al., 1989) from which niiiltiple isofbrras that differ in their amino 
terminal regions, are generated by a combination of alternative promoter usage 
and alternative splicing (Zelent et al., 1991; Lehmann et al, 1991; Leroy et al., 
15 1991). All RAR isoforms can antagonize each other's activity (Husmann et al., 
1991). A second type of RA receptor was more recently described that is only 
' activated by high concentrations of RA and does not show significant homology 
1f|?f!| its ligand binding domain with RAR but has significant homology in its DNA 
'^^^^;-%ding domain (Mangelsdorf et al., 1990). It has been proposed that this 
20 receptor may be activated by an unknown RA metabolite derivative 
" "(Mangelsdorf et al., 1990) and it has been designated retinoid x receptor 
^ (RXRa). This receptor is highly homologous to a previously isolated orphan 
' receptor H-2 RIIBP (Haraada et al., 1989) now usually, referred to as RXRB. 



y ' ^ - TRs as well as the retinoid receptors are believed to function as 

'"^diracric or multimeric proteins since they recognize and bind specifically to 
*Wf®lracric or multimeric response elements, that are either direct repeats or 
■?^ ?^^kindromic repeats. Certain response elements like the palindromic TRE, are 
. Ictivated by all three types of receptors, TRs. RARs, and RXRs (Uraesono et 
. iiS JS-. 1988; Graupner et al., 1989; Mangelsdorf et al., 1990) while other response 
'■•^^^^eraents are receptor specific (Hoffmann et al., 1990; Uraesono et al., 1991; 

Naar et al., 1991). A direct repeat of the sequence TGACCT can function as a 
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specific response element for TRs, RARs and vitamin D receptors depending on 
whether the repeats are separated by 4,5 or 3 spacer nucleotides, respectively 
\(Uniesono ct al.. 1991). However, spacing between half-sites of response 
elements docs not solely determine receptor specificity (Naar et al., 1991; our 
5 unpublished results). 

Although a large set of data appears to suggest that TRs and 
RARs function as homodimers, there exists no convincing experimental evidence 
yet that these proteins interact with their responsive elements in vivo or in vitro 

10 specifically as homodimers. To the contrary, an increasing volume of data 
suggests that TRs as well as RARs require accessory nuclear proteins for 
efficient DNA binding (Lazar and Berrodin, 1990; Glass et al., 1990; Murray and 
Towle, 1989; Bumside et al., 1990; Zhang et al., 1991a), consistent with recent 
data from others (Forman and Samuels, 1991). Deletion of a portion of the 

15 TRa carboxyterminal region appears to increase DNA binding and greatly 
enhances dimerization and/or oligomerization, suggesting that one dimerization 
domain of TRa is located in the "DNA binding domain" (DBD). This concept 
is supported by structural data on the glucocorticoid (GR) (Hard et al., 1990; 
Luisi et al., 1991) and estrogen (ER) receptors (Schwabe et al., 1990). A second 

20 dimerization/oligomerization domain was found to be located in the "ligand 
binding domain" (LED), a region that has been suggested to form a leucine 
zipper type structure (Forman et al., 1989). Part of the carboxyterminal region 
appears to inhibit the dimerization function of TRo such that homodimers with 
a palindromic TRE are not efficiently formed (Zhang et al., 1991a). 

25 Enhancement of DNA binding and the formation of a slow electrophoretic 

mobility complex required the presence of a protein present in nuclear extracts 
from a number of cell lines including F9 cells, CV-1 cells, and GC cells (Zhang 
ct al., 1991a). 

3Q The nature of this protein could not be determined, however it is 

reasonable to hypothesize that this prot6in(s) and/or the proteins that interact 
with TRs and RARs, as described by others (Lazar and Berrodin, 1990; Glass ct 
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1990; Murray and Towle, 1989; Bumside et al., 1990; Rosen et al., 1991) arc 
important components for these nuclear receptors that regulate their activity. 
\ Whether the protein(s) are members of the nuclear receptor family is not yet 
known, however we present data in this pubh'cation that one of the retinoid 
5 receptors, RXRa, strongly enhances binding of TRs and RARs to several 
response elements. Studies of the enhanced and upshifted TR or RAR 
complexes by antibodies and receptor mutants demonstrate that RXRa can form 
"-' '"^^ with TRs and RARs. The interaction can occur in the absence of 

DNA and requires both DNA and ligand binding domains of RXRa and the 
10 hgand binding domain of TRs or RARs. In cotransfection experiments, RXRa 
^^.,.^.^:,^..ll^saiiy enhances TR and RAR transcriptional activation activity at retinoic acid 
""''^'^' ^'^'concentrations v^re R^^La itsM not ^IpSt;^ aStiVaited. ■ Our data 

suggest that RXRa belongs to a novel class of nuclear receptors that we would 
' like to terra "booster receptors" (B-receptors) that at low ligand concentrations 
,15 ^greatly enhance the activity of other receptors by heterodiraer formation while, 
'1'' "^' ^■ whenby themsehres, can not diraerize efficiently and have only low affinity for 
their ligands. 
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,c;ttmmary of the inv ention 

V This invention provides a purified heterodiraer comprising an 

RXR and a hormone receptor. The invention also provides a method of 
5 screening ligands for their effect on the activity of an RXR-containing hormone 
receptor heterodimer comprising combining the heterodimer with the ligand and 
determining the effect on activity. Also provided is a method of amplifying the 
activity of a hormone receptor comprising forming a heterodimer with another 
hormone receptor. 

10 
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'"^ T^RTRF DESCT'tpTTON OF THE FIGURES 

vFigure 1. Enhancement of TRa and RAR DNA binding by RXRa 

(a) In vitro synthesized TRa, TRB, RARa, RARIS, RARy and TRaZ 
5 receptor proteins were preincubated cither with (+) or without (-) 

equal amount of in vitro synthesized RXRor protein at room 
- ' ■ ' ---^^peratuire for 10 minutes/ Following this prem 
--rr=: ^^^'^S^^^gaj.tjon mixtures were intubated with ^-labelled palindromic 

TRE (for sequence see Fig. 2a) and analyzed by gel retardation 

10 assay as described in Experimental Procedures. Lane 1 represents 

binding of unprogrammed reticulocyte lysate. The nonspecific 
band observed with unprogrammed reticulocyte lysate is indicated 
by the open triangle. Complexes migrating below or above the 
nonspecific band are the specific coralexes of TRs in the absence 

15 of RXRa and the complexes formed by TRs and RARs in the 

presence of RXRa. As a control, equal amounts of TRor and 
RARa proteins were also mixed and inclubated with labelled 
TRE. 

(b) Effect of estrogen receptor. To analyze whether ER could also 
20 enhance TRa binding to the TRE, or whether RXRa would 

enhance ER binding to the ERE, equal amounts of in vitro 
synthesized ER protein were incubated with TRa or RXRa 
proteins and the reaction mixtures were analyzed by gel 
retardation using either ^^p-labelled palindromic TRE or 
25 palindromic ERE as indicated. Control represents the binding of 

the unprogrammed reticulocyte to ERE. The nonspecific bands 
observed with unprogrammed lysate are indicated by the open 
triangles. 

(c) Effect of CV-1 cell extract on TRaDNA binding. Cell extract was 
30 prepared from CV-1 cells as described in the Experimental 

Procedures and the different amounts of cell extract (in 
microgram) were incubated either with in vitro synthesized TRa 
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protein or the same volume of unprogrammed reticulocyte lysate. 
The reaction mixtures were then analyzed by gel retardation using 
"p-labelled palindromic TRE. 

Open triangle, solid arrow, and solid diamond indicate the 
5 nonspecific binding of the reticulocyte lysate, specific TRo; binding, 

and the upshifted TRa complex, respectively. 

(d) Interaction of RXRa with TR and RAR is ligand independent. 

The effect of T, (10-'' M) or RA (10-' M) on the interaction 
10 between RXRo and TRa or RARa was analyzed by gel 

retardation as described in Fig. la. Open triangle indicates the 
nonspecific binding of the unprogrammed reticulocyte lysate. 



15 Figure 2. RXRa forms a complex with TRs and RARs, 

(a) Effect of anti-Flag-RXRa on the slow migrating complex. In vitro 
synthesized Plag-RXRa (F-RXRa) protein was incubated with in 
vitro synthesized TRa, TRB, RARa RARB and RARy as 

20 indicated, in the presence of anti-Flag antibody (a-Flag). After 

incubation at room temperature for 45 minutes, the effect of 
antibody on slow migrating complexes was analyzed by gel 
retardation using "p-labelled palindromic TRE as a probe. As a 
control, receptor mixtures were also incubated with preimmune 

25 serum (NT). Thp effect of anti-Flag antibody on Flag-RXRa, 

TRa, TRB, RARa, RARB, and RARy was also shown. Empty 
triangle represents the binding of unprogrammed reticulocyte 
lysate (lane 1). Solid triangle represents the binding of antibody- 
shifted Flag-RXRa protein. Arrow represents the binding of 

30 antibody-shifted Flag-RXRa-TRB heterodimer. 

(b) Effect of anti-Hag-TRa antibody on binding of the slow migrating 
complex. In vitro synthesized Flag-TRa (F-TRa) protein was 
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' with in vitro synthesized RXRor protein in the presence 

or absence of anti-Flag antibody. The effect of antibody on DNA 
binding of the slow migrating complex was analyzed as described 
in figure 2a. For control, the receptor mixture was also incubated 
5 with preimmune serum (NI). ITie effect of anti-Hag antibody on 

DNA binding of Hag-RXRa, RXRa. Flag-TRa,-and TRa was 
also analyzed. For comparison, anti-Flag antibody/Flag-RXRa- 
" ' ' ■ '^^^^i^^ interaction was run on the same gel (lanes 7-10). Open 

'triangle represents the nonspecific binding of the unprograramcd 
reticulocyte lysate. Solid triangle represents the binding of the 
' antibody-shifted RXRa protein. Arrow indicates the binding of 
antibody-upshifted Flag-TRa protein, 
(c) Effect of anti-Flag-RAR-y antibody on the slow migrating complex. 

The assay was carried out as described in figure 2b. Open triangle 
represents the binding of the unprogrammed reticulocyte lysate. 
Solid triangle indicates the binding of antibody-upshifted Flag- 
RXRa protein. 



10 



15 



20 Figure 3. IntetactioR of TRa and RXRa on different DNA response sequences. 

- "sequences of oligonucleotides used for the gel retardation assays. 
^ ^ ' ' ' tBB (SEQ ID N0:9) is the perfect palindromic T3/EIA response 
" ■ ' f ; ; f element (Glass et al., 1988; Graupner et al., 1989). TRE/OF 

Sv ^^?^ ID NO:lb) is an oligonucleotide consisting of two TRE half^ 
■^^.^^vrr-m-:,,^ (as indicated by the arrows) in the opposite orientation - 

, " r/^'^^eparated by 4 bp. BRARE (SEQ ID N0:11) is a RA response 
fSfF^iSftSement present in the RAM promoter (Hofftnann et al., 1990). 
"^iSfej;;^B|SRE/half (SEQ ID N0:i2) is the haltsife^ of TRE. ERE (SEQ 
''■'■'^'^''''^■It^^^ff^ NO:13) is the perfect palindromic ER response element (Klein- 
, 3Q . -t'Hitpass et al., 1986). These oligonucleotides were synthesized with 
^rmmftM'^^m^m^^^^^^^ restriction sites ^tHoth eiid^'a^ indicated by the small 

letters. 
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Gel retardation analysis of RXRa-TRa interaction using different 
DNA response elements. Gel retardation assays were carried out 
essentially as described in Fig. la but using different response 
elements. (-) represents the binding of unprogrammed reticulocyte 
Jysatc. Specific binding of TRa to each response element is 
indicated by the solid arrows. Non specific bands observed with 
unprogrammed reticulocyte lysate are indicated by open triangles. 
Binding TRa to CRARE or RXRa to all response elements was 
not visible under the conditions used. The heterodimcr formation 
(TRa/RXRa) was clearly observed on the TRE, the TRE/OP and 
the CRARE (as indicated by the diamonds) but not on TRE/half 
and the ERE. 



Figure 4. Ligand binding domains of TR and RAR are essential for the 

15 interaction of RXRa. 

(a) Schematic representations of the TRa and c)RAR7 deletion 

mutants. Numbers above the bars indicate the amino acids 
positions. DNA binding domain (DBD) and the ligand binding 
domain (LBD) are shown. A leucine-Zipper-like motif (Foreman 

20 et al., 1990) in the LBD of the TRa and RAR-y containing 9 

heptad repeats is indicated by the black bars. 
Interaction of RXRa with the TRa and d) RAR7 deletion 
mutants. TR and RAR deletion mutant proteins were synthesized 
in vitro as described in the Experimental Procedures. Equal 

25 amounts of TR and RAR proteins and the mutant proteins were 

analyzed for their interaction with RXRa using the gel retardation 
assay with the palindromic TRE as described in Fig. la. The 
nonspecific binding of the unprogrammed reticulocyte lysate is 
indicated by the open triangles. 



30 



Figure 5. Both DNA and ligand binding domains of RXRa are required for 
interaction with TR and RAR. 
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Schematic representation of the RXRa deletion mutants. RXRa 
deletion mutants were constructed and proteins were prepared as 
described in the Experimental Procedures. Numbers above the 
bars indicate the amino acid positions. DNA binding domain 
5 (DBD) and h'gand binding domain (LED) are indicated. Single 

lines mark the deleted portions of the receptor. Deletion mutants 
' lOOlcmiS^^ and RXRamS are truncated cDNA clones of 
'-^^^ isolated from screening the human placenta \gtll cDNA 
library. These clones were sequenced and show identical 
10 nucleotide sequence as the wild type RXRa. The proteins of 

these cDNA clones were translated in vitro using existing Met 
codons for amino acid 28, 61 and 198, respectively, as determined 
by SDS-PAGE. The black bars indicate the untranslated portions 
of these three mutants. 

::rrt-m^ ~ - interaction of RXRa deletion mutants with b) TRa and c) RAR7. 
■ ' " interaction of RXRa deletion mutants with TRa and RAR7 was 
^analyzed by the gel retardation assay essentially as described in 
T?ig. la. The first lane represents the binding of the 
20 unprograramcd reticulocyte lysatc. The nonspecific binding is 

indicated by the open triangles. The specific binding of TRct 
migrates faster than the nonspecific band. RAR7 by itself shows 
.V ::: visible binding to TRE under the condition used. Arrows 

;r!Sf;;;^^ the migration positions of complexes formed with 

: 25^^^^^'^^^^ ' :ECSR and RXRam4. 



*t K^re 6^ enhances the transcriptional activation of RAR. 

^^^i^^P^iip^^ cells were cotransfected with 100 ng of TRE^-CAT and the 

indicated amounts of the receptor expression vector. Cells were 
30 treated with 100 nM RA (■) or no hormone (□), and 24h later 

m -rvH^^m^^:''- "^Issayed for CAT activity. The mean of duplicate cultures is 
shown. 
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The TRE-tk-CAT reporter was cotransfccted into CV-1 cells with 
5ng RXRa, or 5ng RAR7, or 5ng of each receptor expression 
vector. Cells were treated with indicated concentrations of RA 
and assayed for CAT activity as described in the Experimental 
Procedures, The activity of RXRa on the reporter gene in the 
absence of either hormone was chosen as reference value, and 
CAT activities were normalized accordingly. The mean of 
duplicate experiments is shown. 

10 Figure 7. Induction curves of RXRa in the presence and absence of TRa. 

The single palindromic TRE reporter gene (7a) or the double 
TRE reporter (7b) (100 ng/well) were transfected into CV-1 cells 
together with 5 ng RXRa, 100 ng reporter gene, 150 ng B- 
galactosidase plasmid, 25 ng TRa (or no TRor) and Bluescript up 
to 1000 ng. Cells were grown in 24 well plates with the indicated 
amounts of RA and a constant amount of 10-^ M T^. CAT 
activities were corrected for transfection efficiency by B-gal values. 
As control, reporter constructs were transfected alone, and CAT 
activities were analyzed after the same hormone treatment as 
described above. The activity of RXRa on the reporter gene in 
the absence of either hormone was chosen as reference value, and 
CAT activities were normalized accordingly. The mean values 
from 4 to 6 independent transfection experiments as shown. Note 
that CAT activities elicited by T3 after cotransfection of TRa and 
RXRa or TRa alone correspond to 5-fold induction from the 
single TRE and 10-15-fold induction from the double TRE, 
respectively. 

Direct interaction of RXRa with TR or with RAR. 

Affinity column chromatography. To analyze whether RXRa 
directly interacts with TRs and with RARs in the absence of DNA, 
TRa and RAR7 proteins were synthesized in bacteria using 
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Figure 8. 
30 (a) 
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PGEX-2T expression vector (Pharmacia). Purified glutathione S- 
transfcrasc-TRor or RARy fusion proteins was also bound to a 
column. (-). ^^S-labelled RXRa and the mutant RXRam4 
synthesized in vitro were then loaded on columns that contained 
bound glutationc transfcrase-TRor or -RARy or glutatione 
transferase. As a control, in vitro synthesized ^^S-labelled ER was 
also loaded on a column containing bound glutathione transferasc- 
TRa or -RARy. After extensive washing with PBS, the bound 
proteins were eluted with 5 mM reduced glutathione. The elutes 
were concentrated using centricon 10 and analyzed on a 10% SDS- 
PAGE. The right panel represents in vitro translation products of 
RXRa, RXRam4, and ER. Molecular weight markers (in kd) arc 
also shown. 

Immuno-coprecipitation of RXRa by antibody against TR or 
' RAR. ^^S-labelled in vitro synthesized RXRa protein was 
incubated with partially purified bacterially expressed Flag-TRa, or 
Fiag-RARy (4-) or similarly prepared glutathione transferase 
' control protein (-) either in the absence or presence of cross-linker 
"DSP as indicated on the top of the figure. After incubation, either 
anti-Flag antibody (F) or preiramune serum (NI) was added. The 
immune complexes were washed, boiled in SDS sample buffer and 
separated on a 10% SDS-PAGE. The labelled, in vitro 
%^thesized RXRa protein is shown in the right panel together 
:^with the molecular weight marker (in kd). 
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nFTATT.HD p P^irRTPTTON Q T^ TRF- TNVENTTON 



The present invention is based on the core discovery that an RXR 
can form a hctcrodiraer with other hormone receptors to increase the activity of 
5 the receptors. This increase can be in either the hormone receptors' activity or 
RXR's activity. Since RXRa and B are very closely related, RXRB has a similar 
activity to RXRa. Methods employing RXRB utilize the same methods, 
conditions etc. as set forth hereinbelow for RXRa. 

JO By "activity" is meant any activity which is affected by the 

heterodimer formation. Generally, this activity is activation or enhancement of 
transcription. Generally, the ligand of one or both hormone receptors of the 
heterodimer enhance the activity. 

j5 By "hormone receptor" is meant a receptor of the steroid/thyroid 

hormone receptor superfamily which forms a heterodimer with an RXR. 
However, oligodiraers are also covered herein. Oligodimers can be tested by the 
methods set forth hereinbelow. Moreover, any additional receptors not tested 
can be tested using the methods set forth herein. Proteins having substantially 

20 the same sequence and activity of the receptors, such as "RXR", are also 
included in the definition of hormone receptor. Thus, minor substitutions, 
deletions and additions can readily be made and tested. Moreover, any receptor 
consisting essentially of the amino acids of the hormone receptors are included 
in the definition. 



25 



Additionally, since heterodimer formation can be attributed to 
certain portions of the hormone receptors, molecules containing only those 
portions, are also contemplated. Also, since only certain regions of the receptor 
may be necessaiy for activity, i.e., ligand or hormone bindmg region, 
30 hcterodimers containing only these portions of the receptors are contemplated. 
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the activities of the heterodimers can be applied to affect 
transcription in an in vivo system. Thus, many therapeutic applications, 
. including enhancement or inhibition of transcription, can readily be obtained. 

5 These methods can easily by adapted to use the heterodimers to 

screen further ligands for their effect on activity. In this way, more effective 
ligands can be determined. The well knowh methods used to screen ligands 
using a single receptor can readily be appliedlo scrbeh using 'heS^^ 

IQ A. key discovery set forth herein is that different receptors can 

form heterodimers witii selective enhancement or reduction in activity. Thereby 
specific genes can be regulated using tiie teachihgk iierein. ' 



15 1.. The following experimental procedures and results are set forth to 

exemplify and not limit the invention. 



Iexperimentat, procedures 

20 Plasmid Constructions 

The constuction of reporter plasraids, TRE-tk-CAT and TREj-tk- 
CAT has been described previously (Zhang et al.,1991b).' The coding sequences 
of TRa, TRB, RARB, and RARy were inserted into tIfk"miflHplerc^ of 
25 the cukaiyotic expression vector pECE or pBluescript (Stratagene). The' ? 

- ^anstruction of these plasmids has been described (Graupner etal., 1989; Zhang 
■^^^'^^^^ 19915)3 ' I^^ was ampiiiQ^^^^ jJNA prepared from 

. ^^^|^^35l^ilduc^^ boHii^(iEand|^lli€^^ jmraers 

^;^^^^^^pEQ ID Ki and SEQ ID NQi2) (5^C:«CA6AC^ 

3';5'-CCrcrCCACCGGCATGTCCrCG-3') were used to amplify the N- 
terminal half of RXRa cDNA from SCC-13 by PGR technique. The Smal-Sall 



BNSDOCID: <WO 0313I29A1_I_> 



PCT/US92/11221 

WO 93/13129 

15 

fragment from PGR product (530 bp) containing the DNA binding domain of 
the RXRa was used as a probe to isolate BXRa cDNA by screening a Xgtll 
\ human placenta cDNA library(obtained from J. MiMn; Mill^, 1986). Several 
positive clones were obtained, including full length receptor and the truncated 
5 clones. RXR«m3, RXRam4 and RXRaraS which were sequenced and show 
identical sequences as the wild type RXRa. The cDNA clones were 
subsequently subcloned into the EcoRI site of pBluescript and pECE. 

To obtain TRa and RAR7 deletion mutants, existing restriction 
10 enzyme sites on receptors were used to digest receptor cDNAs. The resulting 
cDNA fragments were purified and cloned into pBluescript. TRaml and 
TRam2 were generated by digesting TRa cDNA with Xhol (1530) and Stul 
(964), respectively. RARTml. RAR7m2, and RAR7m3 were generated by 
digesting RAR7 cDNA with Pst 1 (1469), Dralll (1066), and Sac I (976), 
15 respectively (Numbers in brackets indicate the nucleotide position). 

RXRa deletion mutants were obtained as following: RXRaml 
and RXRam2 were generated by digesting RXRa cDNA with Stul (1463) and 
Xmain (1231), respectively. RXRam6 and RXRam? were generated by 
20 internal deletion using Ncol and Ball, respectively. 

The construction of Flag-containing receptors (Flag-RXRa, Flag- 
TRa, and Hag-RAR7) was described previously (Hermann et al., 1991; Zhang, 
et al., 1991a). Briefly, they were constructed by ligating a double-stranded 
25 oligonucleotide containing an ATG codon and a DNA sequence encoding Flag 
(SEQ ID NO:3) (Arg Tyr Lys Asp Asp Asp Asp Lys) (Hopp et al., 1988) to the 
N-terminus of receptors. The fusion products were then cloned into pBluescript. 
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Tissue Culture, Transient Transfection, and CAT Assay 

CV-1 cells were grown in DME medium supplemented with 10% 
fetal calf serum (FCS). Cells were plated at 1.0 x 10' per well in a 24 well plate 
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' ' 16 to 24 hours prior to transfection as described previously (Husmann et al., 
1991). A modified calcium phosphate precipitation procedure was used for 
V transient transfection and is described elsewhere (Pfahl et al., 1990). In general, 
100 ng of reporter plasraid, 150 ng of B-galactosidase (B-gal) expression vector 

5 (pCH 110, Pharmacia), and variable amounts of receptor expression vector were 
mixed with carrier DNA (Bluescript) to 1000 ng of total DNA per plate, CAT 
activity was normalized for transfection efficiency by the corresponding B- 
galactosidase activity (Pfahl et al., 1990). 

10 Preparation of Receptor Proteins 

■'^ cDNAs for RXRa, RARa, RARB, RAE7,TRa, TRB, Flag-RXRa, 
Flag-TRo, Flag-RARy and the deletion mutants cloned into pBluescript were 
transcribed by using T7 and T3 RNA polymerases, and the transcripts were 
15 translated in the rabbit reticulocyte lysate system (Promega) as described (Pfahl 
et al., 1990: Zhang et al., 1991b). The relative amounts of the translated 
' ■ "^ "^^j^roteins was determined by separating the ^^S-methionine labelled proteins on 
V quantitating the amount of incorporated radioactivity 

" and normalizing it relative to the content of methionine residues in each protein. 
20 In vitro synthesized Hag-containing receptor proteins were checked for 

corrected sizes and antigenic specificity by immunoprecipitation with anit-Flag 
antibody (obtained firom M. Leahy, Immunex, Seattle, Washington) followed by 
' SDS-poIyaciylamide gel electrophoresis, 

|ar||?i;;:: cDNAs for RXRam3, RXRam4 and RXRam5 cloned into 

■'E r?,; .: '"ipgj^ggj^pj. ^ei-g also translated in vitro. The translation start sites of these 

used the internal ATG sequences at 28, 61 and 198 amino acid position, 

respectively, as determined by the SDS-PAGE analysis of the ^'S-labelled 

translation products. 

,..,,30.^,, 

i.^iys ■•"''•■'ij,^ prepare TRa and RAR7 fusion proteins, Flag-TRa and Flag-RARy cDNAs 
were cloned in frame into the expression vector pGcx-2T (Pharmacia). The 
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proteins were expressed in bacteria using the procedure provided by the 
manufacturer. Proteins were purified on a prepacked glutathione sepharose 4B 
.column (Pharmacia), and checked by gel retardation assays and western blot 
with anit-Flag antibody. 

5 

Preparation of Specific DNA Fragments 

The TRE used in the experiments was a 16-bp perfect palindromic 
TRE (see SEQ ID NO:4) (TCAGGTCATGACCTGA) (Glass ct al., 1988). An 

10 oligonucleotide flanked by a Bglll adaptor sequence was synthesized (Applied 
Biosystems DNA Synthesizer) and purified by polyaciylamide gel 
electrophoresis. Oligonucleotides were annealed and were radioactively labeled 
using the Klenow fragment of DNA polymerase. TRE/OP is an oligonucleotide 
consisting of two TRE half-sites with a 4 bp spacer (SEQ ID NO:5) 

15 (GATCCTGACCrGAGATCTCAGGTCAG). TRE/half is an oligonucleotide 
consisting of one TRE half-site (SEQ ID N0:6) (GATCTCAGGTCA). BRARE 
is the direct repeat of RA response element present in RARJJ promoter (SEQ 
ID No:7) (AGGGTTCAGGCAAAGTrCAC). ERE is the perfect palindromic 
ER response element (SEQ ID N0:8) (TCAGGTCACrGTGACCTGA). These 

20 oligonucleotides are all synthesized with a Bglll adaptor sequence. Labeled 
DNA probes were purified by gel electrophoresis and used for the gel 
retardation assay. 



25 



Preparation of Cell Extracts 

Cell extracts were prepared from CV-1 cells in a buffer containing 
20 mM Hepes, pH 7.9, 0.4 M KCl, 2 mM DTT and 20% glycerol as described 
(Zhang et al., 1991a). 
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Gel Retardation Assays 

In vitro translated receptor protein (1 to 5 (il depending on the 
translation efficiency) was incubated with the "P-labeled oligonucleotides in a 
5 20-/tl reaction mixture containing 10 mM hepes buffer, pH 7.9, 50 xaM KCl, 1 
mM DTT, 2.5 mM MgCl, 10% glycerol, and 1 (ig of poly(dr-dC) at 25'C for 20 
minutes. In general, relative low receptor concentration was used to obtain the 
.."I- - ■ -B-^^ effect of heterodimer formation. The reaction mixture was then loaded on 
a 5% nondenaturing plpyacrylamide gel containing 0.5 x TBE (1 x TBE=0.089 
10 M Tris-borate, 0.089 M boric acid, and 0.002 M EDTA). To analyze the effect 
of RXRa or the nuclear proteins on receptor DNA binding activi^, RXRa or 
^ ' ««f|v^ extracts were preincubated with receptof protein at room temperature 
for 10 minutes before performing the DNA binding assay. When antibody was 
used, 1 lil of the antiserum was incubated with the specific translation products 
15 at room temperature for 45 minutes before performing the experiments 
described above. 

Affinity column chromatography 

20 To analyze the interaction between RXRa and TRa or and 

RARy, puriSed Elag-TRa or Flag-RARy fusion proteins were loaded on the 
prepacked glutathione sepharose 4B columns. For control, the vector protein 
(glutathione S-transferase) prepared under the same conditions was also loaded 
on the separate columns. The columns were washed extensh'ely with PBS with 
.25 1% Tritonx-100, ^^S-labelled in vitro synthesized RXRa, RXRara4 and ER 
' were applied to the columns. Columns were then washed extensively 

,a;sr^?P f^^^ 3 times of 10 ml PBS. The bound protein was cluted with 50 fiM Tris pH 8 
contaimng 50 fM Tris pH 8 containing 5ftM glutathione. Elutes were than 
concentrated by using a Ccntricon 10 microeoncentrator, and analyzed by 
30 denaturing polyacrylamide gels. 
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Immunoprecipiialion 

Twenty microliters of reticulocyte lysate containing in vitro 
translated ^'S-labelled RXRa were incubated with 5 m1 (approximately 0.2 ^g) of 

5 partially purified bacterially expressed Flag-TRa or Flag-RART fusion proteins 
or similarly prepared glutathione transferase control protein in 100 m1 buffer 
(containing 50 mM KCl and 10% glycerol) for 15 min. at room temperature. 
When cross-linker was used, we added 2 ^1 of 100 mM DSP and continued the 
incubation at room temperature for 10 min. The reactions were then incubated 

10 with 1 tJ^l of anti-Rag antibody or preimmune serum for 2 hrs. on ice. 

Immunocomplexes were precipitated by adding 60 ^1 of protein-A-sepharose 
slurry and mixing continuously in the cold room for 1 hr. Protein-A-sepharose 
was saturated in TBS buffer (Tris-buffered saline) or in RIPA buffer when 
cross-linker was used. The immunocomplexes were washed four times with 

15 NET-N buffer (20 mM Tris. pH 8.0,100 mM NaCl. 1 mM DTT, 0.5% NP-40) or 
five times with RIPA buffer when DSP was used, and resuspended in SDS 
sample buffer containing 15% C-mercaptoethanol, boiled and resolved by SDS- 
polyacrylamide gel electrophoresis. The gels were fixed, dryed and visualized by 
autoradiography. 

20 

Results 

RXRa enhances DNA binding of TRs and RARs 

25 Previous data from us (Zhang et al., 1991a) and others (Lazar and 

Berrodin. 1990; Glass et al., 1990; Murray and Towle, 1989; Burnside ct al., 
1990; Rosen et al., 1991) suggested that TRs and RARs bind more efficiently to 
their'response elements by binding as heterodimers or heterooligomcrs. Since 
proteins from nuclear extracts that enhance TR and/or RAR DNA binding have 

30 not been defined, we investigated the possibility that TRs can bind with 

increased efficiency to the palindromic TRE when complexed with other nuclear 
receptor proteins, in particular those that bind and activate the same or related 
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response elements. Using the gel retardation assay, we observed that TRa 
bound to the TRE as one major complex which migrates faster than the 
V. nonspecific band seen with unprogrammed reticulocyte lysate (Fig. la). This 
specific complex has been previously demonstrated to represent the binding of a 
5 TRcc monomer (Zhang et al., 1991a; Forraan and Samuels, 1991). When TRa 
was mixed with RXRa, a dramatic increase in DNA binding was seen. A 
prominent complex which migrated slower than the nonspecific complex was 
observed while the faster migrating TRa complex disappeared (Fig. la). The 
strong binding complex was observed at concentrations at which RXRa by itself 
10 did not form visible complexes with the TRE (Fig. Id). The effect of RXRa 
- was specific since no significant increase in TRa binding to the TRE or change 
of TRa binding pattern could be observed when it was mixed with RARa (Fig. 
la) or estrogen receptor (ER) (Fig. lb). In addition, when RXRa was mixed 
^ with ER and labelled ERE (Fig. lb), no increased binding or slow 
15 , electrophoretic mobility complex was seen. Interestingly, when TRa isoform 
. , TRa-2 was used, the formation of a low electrophoretic mobility complex was 
not observed either (Fig. la). These data suggest that TRa and RXRa bind as 
heterodimers at least by an order of magnitude more effectively to the 
palindromic TRE than by themselves. To investigate whether RXRa can also 
20 affect the binding of other nuclear receptors, RXRa was mixed with in vitro 
synthesized TRB, RARa, RARB and RARy receptor proteins (Fig. la). Similar 
to TRa, the complex formed between TRB and TRE was upshifted by RXRa. 
In the case of RARa, RARB and RAR7, specific protein-DNA complexes which 
, slower than the nonspecific complex were observed only in the 
25 ^presence of RXRa, while by themselves RARs did not form detectable 

complexes with the TRE under the conditions used. Very similar results were 
also obtained with bacterially produced TRa and RAR7 (data not shown). The 
V of the slow migrating complexes formed between RXRa and TRa was 

very similar to that formed between TRa and nuclear protein (s) (Fig. Ic) from 
..,..v 30 ^ CV-1 cells previously reported by us (Zhang et al., 1991a). This suggests that 
J^!;?;. the protein(s) found in CV-1 cells might be RXRa or related protein(s). Next, 
we investigated the effect of T3 or RA on the interaction between RXRa and 
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TRs or RARs (Fig. Id). We observed no clear influence of these hormones on 
the formation of the slow migrating complexes when TRcc and RARo; were 
. studied although T, slightly increases the migration rate of the TRa complex. 
Similar results were also obtained when TRI5, RARB and RARy were analyzed 
5 (data not shown). 

RXRof forms a complex with TRs and RARs 

The observation that TR is upshiEted by RXRa but not by RAR 
10 and ER and the fact that RAR binds to the TRE strongly only in the presence 
of RXRa but not of TR, strongly suggested that RXRa interacts with TRs and 
RARs to form heterodimers or larger complexes which interact very effectively 
with the palindromic TRE. It is unlikely that RXRor catalyzed formation of TR 
and RAR homodiraers since at high TRa concentrations, we have observed a 
15 TRa dimer complex (Zhang et al., 1991a) which comigrates with the nonspecific 
band of the reticulocyte lysate, and which is at a different position from the 
complex we observed here in the presence of RXRa. The slow migrating 
complex observed here cannot represent the binding of RXRa homodimers 
either, since the migration of the complex is different depending on which 
20 receptor is mixed with RXRa (Fig.la). 

To examine more directly the components of the prominent 
upshifted complexes, we used RXRa, TRa and RARy derivatives that contained 
an eight-amino-acid epitope (Hag) at the amino-terminal end of these receptors 

25 (Hag-RXRa, Hag-TRa and Fiag-RARy, respectively) which can be recognized 
by a specific monoclonal antibody (Hermann et al., 1991; Zhang et al., 1991a). 
The behavior of these receptor derivatives was indistinguishable from that of the 
wild-type receptor in both transcriptional activation (Zhang et al., 1991c; data 
not shown) and DNA binding activity (Fig.2). When Eag-RXRa was incubated 

30 with anti-Flag antibody, we observed a specific complex (Fig. 2a, lanes 14 and 
23; figure 2b, lane 11; figure 2c, lane 13) which was not observed when 
preiramune serum was used (Fig. 2b, lane 12). The complex may represent the 
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■-' jj^g antibody-catalyzed Flag-RXRa homodimer or homooligomers. 

These data therefore suggest that RXRa by itself can not efficiently dimerizc 
^ and bind to DNA. Similar antibody-induced dimerization has been observed for 
other receptors (Hermami et al., 1991; Zhang et al., 1991a). When Flag-RXRor 
5 was incubated with TRs and RARs, it behaved essentially like RXRa, forming 
prominent slow migrating complexes (Fig. 2a, lane 3, 7, 11, 16 and 20). These 
complexes were strongly reduced when anti-Flag antibody was added (Fig. 2a, 
lanes 4, 8, 12, 17 and 21). At the same time a higher molecular weight complcx 
(indicated by the solid triangle) appeared. The reduction of the slow migrating 
10 complexes was observed when antibody was added either before or after both 
receptors were mixed (data not shown). The effect of antibody was specific in 
?^^'-^''''%at the binding of these complexes was not changed when preiramune serum 
was used (Fig. 2a, lanes 5, 9, 13, 18 and 22), and the nonspecific binding of 
■" unprogrammed reticulocyte lysate (indicated by open triangle) was not affected 
' ■' is by the antibody. In addition, the effect of anti-Flag antibody was specific 
' towards Hag-RXRa since it did not influence the binding of TRs and RARs 

(Fig- 2a, lanes 24-28) and RXRa (Fig. 2b, lane 13). The migration of the faint 
'' ' "^^ molecular weight complex that appeared in the presence of antibody was 
dependent on the TR or BAR isoform used. This complex migrated at the 
20 same position as the antibody-catalyzed RXRa homodimer (Fig. 2a, lanes 14 
and 23), suggesting fliat it may represent the binding of antibody-catalyzed Fiag- 
RXRa homooligomer. However, the intensity of this band was much weaker 
observed in the absence of antibody. The inhibition of the slow 
,UiS^igrating complexes in the presence of anti-Flag antibody suggests that the 
'S^s^tibody interacted with RXRa-TRs or RXRa-RARs complexes, resulting in the 
' ^formation of larger complexes which have strongly reduced or altered afBnity to 
fflfe^td -rsr^jj^^ ^gjj assayed in the presence of Flag-RXRa and anti-Flag 

y ;;^ff^?^tibody (Fig. 2a, lane 8), we clearly observed an additional complex (indicated 
■■:^^l^f'''lyy arrow). This complex migrated differently from the antibody-catalyzed Flag- 
f 30 ' ■RXRcf homodimer complex, and therefore may represent the binding of the 

antibody-upshifted Flag-RXRa/TRB heterodiraer. Together, these data provide 
^ strong support for the assumption that the slow migrating complexes contain 
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RXRa. More direct evidence comes from RXRa deletion mutant studies in 
which we show that the migration rate of the complexes depends on the size of 
ahe RXRff protein (Fig. 5). 

5 We show in Figure 1 that the slow migrating complexes migrate 

differently depending on which TR or RAR isoforin is mixed with RXRa, 
suggesting that the slow migrating complexes contain TR or RAR. To directly 
test this, we used Hag-TRa and Flag-RAR7 (Fig. 2b and 2c). For comparison, 
the effect of anti-Flag antibody on Flag-RXRc/TRa and FIag-RXRa/RAR7 

10 binding is shown on the same gel (Fig. 2b, lanes 7-12; Fig. 2c, lane 8-13). The 
Hag-TRa behaved essentially as TRa, forming one specific complex (Fig. 2b, 
compare lane 1 and lane 7), which now can be upshiftcd by anti-Flag antibody 
(Fig. 2b, lane 5; indicated by arrow) but not by preimmune serum (lane 6). 
When Flag-TRa mixed with RXRa a slow migrating complex appeared (lane 2) 

15 which is similar to the complex formed by TRor and Hag-RXRa (lane 8). The 
appearance of this slow migrating complex was inhibited when anti-Flag was 
added (lane 3). The inhibition was specific since the binding was not affected 
when preimmune serum was used (lane 4) and the nonspecific binding of 
unprogrammed reticulocyte lysate (indicated by open triangle) was not changed 

20 by the antibody. In addition, the antibody did not influence the binding of wild 
type RXRa or TRa (lane 13 and 14). Similar to the effect of the antibody with 
Flag-RXRo and TRs or RARs (Fig. 2a), we also observed the appearance of 
weak slow mobility complexes when incubating antibody together with FJag-TRa 
and RXRa. When Hag-TRa was replaced with Flag-RAR7, similar inhibition 

25 effect of anti-Hag antibody on Flag-RARv/RXRa binding was also seen (Fig. 
2c). Thus, taken together, these data strongly suggest that slow migrating 
prominent band observed in the presence of RXRa contain both RXRa and TR 
or RAR. 
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A specific dimeric response element is required for helerodimer interaction 
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To investigate the DNA sequence requirements for effective 
heterodimer binding, gel retardation assays were carried out using several TRE 
I related sequences: an inverted repeat of the TRE (TRE/OP); a TRE half-site; 
the BRARE. a retinoic acid response element (Hoffmann et al., 1990; de Thd ct 
5 al., 1990); and the estrogen response element (ERE, Klein-hitpass et al, 1986) 
(Fig, 3a). RXRa alone did not bind to these DNA sequences at the 
concentration we used. However, when it was mixed with TRa, a specific slow 
' ' migrating complex was observed on the TRE, TRE/OP, and the BRARE (Fig. 

3b). Similar to the palindromic TRE, TRa binds to the inverted repeat of the 
10 TRE as one complex which was strongly enhanced and upshifted in the presence 
of RXRa. In case of the BRARE, TRa alone shows no visible binding but 
"binds strongly when RXRa is present. Binding of TRa to the half-site is 
approximately as efQcient as to tiie palindromic TRE in the absence of RXRa. 
However, this binding was aboh'shed in the presence of RXRa, suggesting that a 
15 TRa/RXRa complex is formed but that a diracric response element is required 
■ for heterodimer interaction. Interestingly, TRa also binds to the ERE, a 
"' ■ response element identical to the palindromic TRE except for the 3 bp spacing 
in the center (Fig. 3a). However, when RXRa was added, the binding of TRa 
-r, T: ^ abolished. The inhibition of TRa binding to the ERE by RXRa 

20 could also be due to the interaction between TRa and RXRa in solution and 
formation of a heterodimer which has reduced affinity or does not bind to the 
ERE. Together these data demonstrate that a diraeric recognition sequence 
must be present for effective heterodimer binding and that heterodimer binding 
S£'*'%)pears to be restricted to T3/RA responsive elements. Our data suggest in 
*-|^tjjtion^ that RXRa can enhance receptor binding to quite different dimeric 
response elements, indicating a broad functional role for RXRa. 

The carboxytennlnal end of TR and RAR is necessary for interaction with 
RXRa 
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To delineate regions of the TRs and RARs required for RXRa 
interaction, a number of TRa and RARy deletion mutants were investigated 



BNSDOCIp; <WO 931 31 29A tj_> 



wo 93/13129 PCr/US92/imi 

25 

(Fig. 4a, 4c). The deletion of 8 amino acids from the TRor carboxTterminus did 
not affect TRa-RXRa interaction, however, deletion of 197 amino acids 
\ (TRam2) or 243 amino acids (Tram3) abolished TRa-RXRa complex 
formation. The TRara2 and m3 mutants bound effectively to the TRE (Fig. 4b) 
5 as reported previously and are able to dimerize or oligomerize since several 
complexes can be observed (Zhang et al., 1991a). Similar results were also 
observed with RARy deletion mutants (Fig. 4c, 4d). Wild type RARV and the 
mutants do not exhibit visible binding under the conditions used. As shown 
before, a strong DNA binding complex was observed when RXRa protein was 



10 



mixed with RARt (Fig. 4d). However, deletion of 102 amino acid from the 
carboxyterminus (RARthiI) completely abolished the binding of this complex. 
Other carboxyterrainal deletion mutants behaved similarly to the EARyml (Fig. 
4c,d). Our results on the TR mutants are consistent with our observation, that 
TRa-2 which has an altered carboxyterrainal region (Benbrook and Pfahl, 1987) 
15 also does not form a low electrophoretic mobility complex with the TRE in the 
presence of RXRa (Fig. la). Mutational analysis of other receptors, including 
TRfi, RARa and RARB, revealed that the carboxyterrainal region of these 
receptors is also important for their interaction with RXRa (data not shown). 
These results therefore indicate that the carboxyterrainal region TRa and RAR7 
20 is critical for interaction with RXRa. 



RXRa regions required for nuclear receptor interaction 

To delineate regions of RXRa required for nuclear receptor 
25 interaction, deletion mutants of RXRa were investigated (Fig. 5a) for their 
ability to upshift TRa and RAR7(Fig. 5b,c). Deletion of 60 (RXRaml) or 75 
(RXRara2) amino acids from the RXRo carboxyterminus abolished 
enhancement and upshift of the TRa band while deletion of 28 (RXRam3) or 
61 (RXRam4) amino acids from the amino terminus did not visibly affect 
30 interaction with TRa, as analyzed by' the gel retardation assay (Fig. 5b). 

However, a comparison of the complexes observed with RXRam3 and RXRam4 
(indicated by arrows) clearly indicates that the size of the RXR protein 
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' determines migration of the complex. The smaller protein RXRam4 forms a 
faster migrating complex than the larger protein (RXRam3). These data 
V therefore provide direct evidence that RXRor participates in the complex. In 
addition, we observed that the carboxyterrainal but not the aminoterminal end of 
5 RXRa is required for interaction with TRa. Interestingly, an internal deletion 
that spanned the hinge region and the aminoterminal half of the ligand binding 
'' ^ ' ' domain (RXRara?) also abolished interaction with TRa (Fig. 5b). Thus both 
' ' TRs as well as RXRa require the carboxyterrainal domain for hetcrodimer 

formation- In addition, however, a truncated RXRa form (RXRamS) in which 
lb the aminoterminal 198 amino acids were deleted (including the DNA binding 
" domain) also failed to form a complex with TRa. A second mutant lacking the 
^DNA binding domain, RXRara6, was also unable to upshift TRa. The absence 
of a complex and the fact that TRaDNA binding was not inhibited, suggest that 
' portions of the DNA binding region of RXRa are required for interaction with 
15 TRa. When we replaced TRa with RAR7 identical results were obtained with 
' ' the RXRa mutants (Fig. 5c). In this experiment, RXRam4 also forms a 
RARy which migrates faster than the complex formed by 
■ :''y'^''RXRam3 and RAR7, as indicated by arrows. Similar results were also obtained 
' ^ w^ TRD, RARa and RARB were used (data not shown). These data thus 
20 support the hypothesis that interaction of RXRa with TRs and RARs is 
mediated by the same structural determinants. 

RXRa enhances gene activation by RARs 

25 ''''' The ability of RXRa to enhance RAR and TR DNA binding 

" ' could also allow enhancement of transcriptional activation of these receptors on 

the TRE, a known RA response element (Graupner et al., 1989; Umesono et 
'^^^•'"■ 2., 1988). When low concentrations of RXRa expression vector were 

" "lotransfected with RARa and the TElErtk-CAT reporter construct, a strong 
30 /'enhancement of the RARa activity was observed (Fig. 6a). Most interestingly, 
' Ais strong enhancing activity by RXRa was seen at RA concentrations (10-' M) 
at which RXRa by itself was only slightly activated (Fig. 6b). The increased 
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activation of the reporter gene in the presence of both retinoid receptors is 
clearly more than additive at certain receptor concentrations as shown. For 
, instance, when 25 ng of RARa and 25 ng of RXRa expression vectors were 
used, a strong synergistic effect was observed. A very similar enhancing effect 
5 was also observed with RARt (Fig. 6b). In this study, we analyzed the effect of 
RXRa on RARt activity under several RA concentrations using the TRE-tk- 
CAT construct as reporter. At the concentrations used, neither RXRa by itself 
nor RAR7 by itself could elicit any significant transcriptional response at RA 
concentrations between 10-' M and 10-' M (Fig. 6b). However, when they were 
10 transfected together.a synergistic effect (2 to 4 fold induction) was observed over 
this RA concentration range. Thus, the ability of RXRa to enhance RAR DNA 
binding in vitro correlates with an enhanced transcriptional activation capacity of 
RXRa-RAR complexes in vivo. 

15 Dual ligand requirements of the TRo/RXRa complex 

The above experiment did not allow to determine whether RXRa 
itself requires ligand binding to boost transcriptional activation with RARa or 
RARt. When we cotransfected RXRa with TRa, we also observed synergism 
20 between both receptors on \TRE-tk-CAT reporter constructs (Fig. 7). Some 
synergism was observed when only thyroid hormone (T,) was added, while 
optimal synergism required the presence of both ligands, T3 and RA. 
Remarkably, only low amounts of RXRa as well as TRa were required to 
observe a strong activation of the reporter genes. 



25 



To examine in detail the ligand requirements for the putative 
RXRa/TRa complex, we compared the RA concentrations required to activate 
RXRa alone or in combination with TRa. RXRa expression vector alone or 
together with TRa expression vector were cotransfected into CV-1 cells with 
30 reporter constructs that contain either a single (TRE-tk-CAT) or double (TRE, 
tk-CAT) response element. Cells were grown in the presence of a constant 
amount of 13(10-' M) and various amounts of RA (10-" to 10-* M). We 
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' observed a dramatic shift of the RA responsiveness of RXRa in the presence o£ 
TRor. In cases of both the single TRE and the double TRE reporter, the RXRa 
C sensitivity to RA appeared to be increased by at least 2 orders of magnitude 
(Fig. 7a,b). This enhanced ligand sensitivity is not due to the activation of 
5 endogenous RARs by TRa since no effect of CAT activity was observed when 
TRa was transfected alone (Fig. 7a,b) consistent with previous observations 
' (Graupner et aL, 1989). TRa alone at his low concentration did not induce the 
reporter gene to a high degree in the presence of T3, although an approximately 
10 fold induction was observed (this is difficult to see on the scale used in Fig. 
10 7). Thus, while RXRa boosts DNA binding and transcriptional activation of 
T other receptors, by forming a complex with TRa, its own ligand affinity is also 
ivi -i^f.^^ v^^^^^ increased in the hcterodimer complex. Our observation that RXRa 

exerts its effect on RARa and RAR7 transcriptional activity in the presence of 
less than 10-^ M RA, suggests that complex formation between RXRa and 
15 RARa or RARy also boosts the ligand sensitivity of RXRa and that RA may be 
a natural ligand for RXRa. 

Heterodimer formation occurs in the absence of DNA 

20 An important question is whether RXRa can form heterodimers 

with the other receptors in solution or whether the heterodimeric complexes arc 
only formed in the presence of specific DNA sequences. The ability of RXRa 
to interact with other receptors in the absence of DNA could be expected to 
Jargely enhance the efficacy of RXRa as a regulator of heterologous receptor 
25 activity. To investigate interaction between RXRa and TR or RAR in the 
^ 'absence of DNA, we took advantage of a unique affinity column containing 
^^^^^''''^^uXaMoxiC coupled to sepharose to which bacterially produced receptor- 
:v.^J?y^?j?^^ transferase fusion protein binds specifically arid can be eluted with 

: ,^ -#iF|^ glutathione (Smith and Johnson, 1988). TRa or RAR7CDNA were cloned 
" 30 Into the prokaiyotic expression vector pGEX-2T, and expressed as TRa- or 

RAR7-glutathione transferase fusion proteins in bactcna. The fusion pro terns 
were able to interact with in vitro synthesized RXRa as determined by gel 
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retardation (data not shown). We used bacterially produced TRa- or RARy- 
glutathione transferase bound to the affinity resin and mixed this with in vitro 
\ synthesized ^'S labelled receptors. After extensive washing, labelled RXR« 
could be specifically eluted with glutathione from a column that contained 
5 bound TRa or RAR7 fusion protein, but RXRa was not retained on a column 
that contained only bound glutathione transferase (Fig. 8). Labelled ER was not 
retained on by the TRa or RAR7 fusion proteins, while the mutant RXRoim4 
that lacked 61 amino adds at the amino terminus and was able to upshift TRa 
and RAR7, was retained. 
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To further document the physical interaction between RXRa and 
TR or RAR, we incubated labelled RXRa protein, produced by cell-free 
translation, with or without bacterially produced Flag-TRa or Flag-RAR^ 
proteins. Anti-Flag antibody was used to examine whether RXRa could be 
15 precipitated together with Flag-TRa or Flag-RARy. As shown in Figure 8b, 
precipitation of Hag-TRo or Hag-RAR7 resulted in a significant coprecipitation 
of labelled RXRa protein. The coprecipitation occurred even in the absence of 
cross-linker while it was largely enhanced when cross-linker PSP) was used. 
The coprecipitation is specific since no significant amount of labelled RXRa was 
20 precipitated when preiramune serum was used or when RXRa was incubated 
with nonspecific control protein together with the anit-Flag antibody. The 
observation that RXRo could be coprecipitated in the absence of cross-linker 
and the results obtained with the affinity column strongly suggest that RXRa 
forms a stable complex with either TR or RAR in solution, and supports our 
25 interpretation of the gel retardation results shown in Figure 2. 

Discussion 

Heterodimer formation between RXRa and TRs or RARs 

30 

Several lines of evidence are provided here for the direct 
interaction between RXRa and TRs or RARs, which result in the formation of 
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" ' heterodimers which exhibit strong DNA binding to a number of T3/RA dimeric 
response elements. First, when RXRa was mixed with TRa, TRB, RARa, 
V RARE or RAR7, a prominent slow migrating complex was formed which 
migrated at different positions depending on which TR or RAR was used (Fig. 
5 la). Second, using antibodies against RXRa, TR and RAR, we demonstrate 
that the binding of these slow migrating complexes can be dramatically altered 
by these antibodies (Fig. 2). Third, RXRa mutational analysis shows that the 
migration of these complexes depended on the size of the RXRa protein (Fig. 
5). Finally, a study using affinity column chromatography and imrauno- 

10 coprecipitation results demonstrate that RXRa can interact with TR and RAR 
in the absence of DNA (Fig. 8). 

The enhancement of DNA binding and the characteristic upshift 
observed for all receptors in the presence of RXRa are very similar to the 
' l5 enhanced DNA binding and upshifts of TRa observed in the presence of nuclear 
^'^f^'-h-^ cell lines (Fig. Ic; Zhang et al., 1991a). In addition, all 

" ' TRa mutants investigated behave virtually identical with RXRa and nuclear 
;? extract protein (Fig. 4; Zhang et al., 1991a). It is therefore quite possible that 
* RXRa is identical or closely related to the cellular protein previously described 
20 (Lazar Berrodin, 1990; Murray and Towle, 1989; Bumside et al., 1990). 
According to its enhancing effects on TR DNA binding, the nuclear protein or 
proteins that enhance TR DNA binding have been termed TR auxiliary proteins 
- TRAP (reviewed by Rosen et al., 1991). However, if these proteins are 
-^'■'^'^^ ' identical with RXRa or a related isofbrm, this nomendature is insufBcient to 
25 describe their function. RXRa, as an example of this new receptor subclass, can 
not dimerize by itself efSciently but can interact with TRs or RARs to form 
heterodimers with strong DNA binding activity. 

TR and RAR as well as RXRa require regions near the 
30 carbojglerminal end for interaction (Fig. 4 and Fig. 5). Interestingly, these 
regions are also required for TR interaction with cJun, a component of the 
transcription factor AP-1 that has recently been shown by us to regulate TR and 
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RAR activities (Zhang et al., 1991c; Yang-Yei, et al., 1991). Thus, this 
carboxytcrminal region may be viewed as a domain that can interfere with other 
\ active protein regions in possibly both cis and trans locations. The ligand 
binding domain of TRs and RARs was shown to possess 9 heptad repeats of 

5 hydrophobic amino acids which are structurally similar to the Leucine-Zipper 
dimerization domain (Forman et al., 1990). Hiese Leucine-Zipper like motifs 
are thought to mediate the receptor dimerization activity by a coiled-coil a helix 
in which a hydrophobic surface along one side of the helix could act as a 
dimerization interface. Similar heptad repeats are also present in the ligand 

10 binding domain of RXRa. The requirement of the ligand binding domain of 
both RXRa and TR or RAR for heterodiraer formation implicates these 
Lcucine-Zippcr like motifs in the direct interaction between both receptors. 
However. RXRa may possess some other special structural features which are 
not present in TR or RAR since we could not obseire clear interaction between 

15 TR and RAR when they were mixed together and were assayed under the same 
conditions (Fig. la). These special structural features may not allow RXRa 
homodimer formation, but allow RXRa to efficiently interact with TR and 
RAR. A detailed mutational analysis of RXRa receptor protein is therefore 
important in order to understand the mechanism of interaction between RXRor 

20 and TR or RAR. While the heptad repeats in the ligand binding domain of 
RAR, TR and RXRa may effectively interact with each other, and thereby allow 
receptor contact, at the same time the interaction may be extended through the 
dimerization domain embedded in the DNA binding region of nuclear receptors 
(Zhang et al., 1991a; Hard et al.,1990; Luisi et al.. 1991; Schwabe et al.,1990). 

25 This is supported by our observation that the DNA binding domain of RXRa is 
also important for efficient interaction with TR or RAR (Fig. 5). 

TRs and RARs are important mediators of cellular development 
and differentiation processes. The observation that RXRa can interact with 
30 TRs and RARs in the absence of DNA (Fig. 8) and the fact that the 

heterodimcr can bind to a number of T3/RA specific response elements (Fig. 3) 
point to the profound role of RXRa in regulating these cellular processes. 
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Although interaction between RXRa and TR or RAR occurs in solution, the 
outcome of this interaction may depend on the sequence of the response 
V element in particular genes. In other words, the specificity and the extent of 
transcriptional regulation, either positively or negatively, by receptor interactions 
5 maybe largely determined by the nature of the response elements and the 
receptors (and their concentrations) with which RXRa interacts. 

Transcriptional activity of RXRa 

20 Synergistic transcriptional activity of RAR and TR on the 

palindromic TRE was observed when they were cotransfected with RXRa (Fig. 
^^%3nd Fig. 7). These in vivo observations correlate very well with the strong 
DNA binding of heterodimers formed between RXRa and TR or RXRa and 
RAR. Interestingly, considerable enhancing activity of RXRa is observed in the 
^15 absence of RA while optimal enhancement occurs already at low RA 

concentrations (less than 10-'' M), whereas higher RA concentrations are 
required to activate RXRa alone (more than 10-^ M;Fig-6, Fig.7; Mangelsdorf ct 
,,I3^^ aL, 1990). Thus, while RXRa boosts very efficiently the activity of TRs and 
" RARs in terms of DNA binding and transcriptional activation, its own ligand 
20 responsiveness is also boosted by the heterodimerization, i.e. mutual 

enhancement is occurring. This is most likely one of the major roles of RXR. 
We like to call this novel activity a ^Tjooster receptor" (B-receptor), in contrast 
to activator receptors (A-receptors). In addition to its enhancer activity, RXR 
.Zffi''^'&yuns a complex with TRa (and TRB, data not shown) that appears to require 
'■'*'25 ' two distinct hormones for full activation. This novel type of receptor complex 
allows direct cross-talk between two different hormonal signals at the receptor 
level. The palindromic TRE analyzed here is derived from the growth hormone 
75T:7p-iC^^j^^ j,^^ ygg^g ago^ BedQ et al. (1989) reported that the GH gene can 
" ' be induced by RA and tiiat the presence of T3 increases the effectivity of RA by 
. 30 close to 3 orders of magnitude (from lO-'^ M to 10-' M for optimal induction). 
^ t^'-' ''^•g [yp^ Qf yjyo observation is very similar to ours, where 10-^ M RA are 

required for RXR activation while 10-^M is sufficient for activation of RXRa in 
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the presence of TRa and T3. A comparable synergistic effect has recently also 
been reported for the induction of granulocyte differentiation in leukemic cells 
, including HL60 (Ballerini et al., 1991). Because low concentrations of RXRa 
are sufficient for boosting RARa and TRa activity, an extremely sensitive 
5 regulatory mechanism is created that can respond very efficiently to small 

changes in the concentrations of individual components. Our data suggest that, 
contraiy to earlier suggestions (Mangelsdorf et al., 1990), RA is an important 
natural ligand for RXRa; whether other natural retinoids exist that effectively 
activate RXRa homodimers at physiological concentrations remains to be 
10 determined. 

At present it appears that more than one RXR subtype exists 
(RXRa and RXRB) that may have distinct booster specificities. Even the same 
RXR subtype may show considerable selectivity depending on the response 
15 element (Fig. 3), interacting receptor and receptor concentration (Fig. 6a). We 
have provided evidence here that the booster capacity for RXRa towards TRa 
is much higher than towards RAR7 (Fig. 6 and Fig. 7). and effective over a 
wider receptor concentration range as well (data not shown). 

20 The subfamily of B-receptors may also include a substantial 

number of orphan receptors for which no specific ligands could be detected so 
far or other receptors that require very high ligand concentrations for efficient 
activation. Since RXRs appears to be encoded by more than one gene 
(Mangelsdorf et al., 1990; Hamada et al., 1989(. RXRB whose DNA and ligand 

25 bindmg domains are almost identical to those of RXRa is an equally good 

candidate. In general, the mechanisms of heterodimer formation is widely used 
by transcription factors, the most well known examples being AP-1 (reviewed by 
Karin, 1990) and the more recently described myc-max heterodimeric 
(BlackTVOod and Eisenman, 1991). Because of the obvious advantage of 

30 heterodimeric and booster receptors in many systems, our studies presented here 
may be the tip of the iceberg of a large field of receptor action not yet explored. 
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What is claimed is: 

I. A purified heterodimer comprising an RXR and a hormone receptor. 
5 2. The heterodimer of claim 1, wherein the RXR is RXRa. 

3. The heterodimer of claim 1, wherein the hormone receptor is a thyroid 
hormone receptor. 

10 4. The heterodimer of claim 3, wherein the thyroid hormone receptor is TRa. 

5. The heterodimer of claim 1, wherein the hormone receptor is an retmoic ad 
receptor. 

15 6. The heterodimer of claim 5, wherein die retinoic acid receptor is RARor. 

7. The heterodimer of claim 1, further bound to a ligand. 

8. The heterodimer of claim 7, wherein the ligand is retinoic acid. 

20 

9. The heterodimer of claim 7, wherein the ligiand is thyroid hormone. 

10. The heterodimer of claim 7, fiirther bound to an additional hormone ^ 
receptor. 

25 

II. A method of screening ligands for their effect on the activi^ of an RXR- 
containing hormone receptor heterodnner comprising combining the 
heterodimer with the ligand and determining the effect on activity. 

30 12. The method of claim 11, wherein the activity is transcriptional activation. 
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13. A method of dctennining the activity of an orphan receptor comprising 
forming a heterodimer between the orphan receptor and another hormone 
, receptor and determining the activity of the heterodimer. 

5 14. The method of claim 13, wherein the hormone receptor is an RXR. 

15. A method of amplifying the activity of a hormone receptor comprising 
forming a heterodimer with another hormone receptor. 
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16. The method bf claim 15, wherein one of the hormone receptors is an RXR. 

17. The method of claim 16, wherein the other receptor is an retinoic acid 
receptor, 

15 18. The method of claim 17, wherein the retinoic acid receptor is RARa. 

19. The method of claim 16. wherein the other receptor is a thyroid hormone 
receptor. 

20 20. A method of selectively enhancing the activity of a hormone receptor 
comprising forming a heterodimer with a selected hormone receptor. 

21. The method of claim 20, wherein the selected hormone receptor is RXRa. 

25 22. The method of claim 20, wherein the selected hormone receptor is RXRB. 

23. A method of enhancing RXR's responsiveness to retinoic acid comprising 
mixing the RXR with retinoic acid receptor or thyroid hormone receptor. 



BNSDOCID: <WO 93131 29A1_L> 



w6Wi3i29 pcr/us92/imi 

1/22 



Receptors: 
RXRa: 



_ TRa TR/3 RARa RARyff RAR/ 



TRa+RARa 

TRa2 



+" - + ^ 1 + 



- +' 




FIG. la 



3NSDOCID: <WO e313129Al_L> 



SUBSTITUTE SHEET 



wo 93/13129. 



2/22 



PC1VIJS92/11221 



£5 




TRE ERE 

FIG. lb 



BNSDOCID; -rWO 931 31 29A1_I_> 



SUBSTITUTE SHEET 



W093/13i29 PCr/US92/M221 

3/22 



Extract: » 1 3 3 

TRa: + + + - 




#-M-FI6. 1c 



'fpMUtSTrrUTE SHEET 

3NSDOCip: <WO 9313129A1J_> 



wo 93/13129 



4/22 



PCr/US92/ll221 



TRa RARa 
+ + 
Receptors: TRa RXRa RARa RXRa ^^^^ 



I II 11 ^1 ir 

T3: - + - + 



RA: 



__-.-- + -+ - + 





FIG. 1d 



SUBSTITUTE SHEET 

BNSD03ID: <WD 9313129A1J_> 



5/22 



PCr/US92/11221 




wo 93/13129 



6/22 



PCT/US92/11221 



Nl 

a-Flog 
F-RXRa 
TRo 
RXRa 
F-TRa 



___ + - + 
__ + - + - 



+ 
+ 



+ 
+ 



+ + 



_ _ + 



_ + 
+ + 



+ 
+ 
+ 



_ + - 
+ - + 
+ + - 




BNSDOCID; <WO S313V2SA1J_> 



SUBSTITUTE SHEET 



wo 93/13129 PCT/US92/11221 

7/22 



- + - + - 

a -Flog:- - - + -- + -- + -- + - 

F-RXRa:- - ____-.- + + + + + + 

RARy j - + + + + 

RXRffi - - + + + + -- -- - - _ 

F-RARr--- + + + + - + + 




F 16. 2c 



3NSD0C1D; <WO 931,3129A1_L; 



itsUBSTITUTE-^HEET 



pcr/LiS92/imi 

wo 93/13129 

8/22 



LD 

I t 

u cm 

-»-' o 

CJ 

CD O 

< H 
CD U 

H < 

o o 

O CD 

< I- , 

H < 

< h- 
U O 



CD 
CD 
< 



CD 
< 

-hJ (0 
CD ^ 
C7) U 
I I 

LD fo 



K> in 
I I 

o ra 

^ (D 
CD 

CD O 

O) L> 

< H 

H < 

CD O 

CD O 
< 

U ^ 

I- < 

U CD 

H < 

< f- 
CD CJ 

< H 
CD CJ 
H < 
O CD 
U CD 

< h- 
CD 



o 
u 



< 

I I 

in fo 



K> in 
1 I 

O CD 

o ^ 

O) {J 

U CD 

< H 
O CD 
H < 

H < 

CD u 

^ ^- 

< H 

< H 
U U 
CD CD 
CD CD 

< I- 
U CD 
H < 

H < 
CD CJ 
CD CJ 
CD O 

< H 

O CD 
o •^-^ 

o> u 
t i 

in fo 



K> in 
I I 

C7> U 

< H- 
U CD 
H < 
(D U 
CD O 

< H 
O CD 

K < 
a o) 
o 

CD L> 
I I 

in fo 



K> in 
I I 

CJ O) 
^ CD 
CJ ^ 
CD O 

< K 
CD LJ 

< 
LJ O 

U u 

< I- 
CD CD 

K < 

CD U 

H < 

U CD 

< H- 
CJ CD 
K < 

CD U 

CD CJ 
< 

U — 

H < 

u 



CD 



i I 

In in 



UJ 



O 



LU 

< 

CO- 



CO 



LU 



LU 
LU 



BNSDOCID; <WO 9313129Al_l_> 



wo 93/13129 



9/22 



PCI/US92/11221 



i0 



UJ 
UJ 



TRo+RXRa 
TRa 
I 




I RXRa 
T^Sp-RXRo 



TRa 



< 

CO. 



a. 
o 

UJ 

or 



TRatRXRa 
TRa 
I 

RXRa 

TRa+JRXRa 
-^TRa 
1 

RXRa 
TRd + RXRa 
TRa 





A A j 



sS*^^ ■■■■ ■ i-fes!^*;;^'^.- 



♦ A 





♦A 



.1 



I 




3NSDOCID: <W0 9313129A1_I_> . 



SUBSTITUTE SHEET 



wo 93/13129 



10/22 



PCr/US92/11221 



o cr 

o cr 
<: . 

DC - 



OJ 



ro 
in 



1 



ro 



CO 



ro 

ID 



i 



o 

CD 



CM 



ro 

in 



i 



CD 
Ll. 



E 
O 

cr. 



CM 

E 
C 



ro 
E 
O 

DC 



SUBSTITUTE SHEET 



BNSDOCID: cWO 9313129A1J_> 



W6Wi3129 PCr/US92/11221 

11/22 



Receptors: TRg TRaml TRam2 TRam3 
RXRa: r^-^ ^TH 




3NSDOCtD; <WO 9313129AlJ_> 



SUBSTITUTE SHEET 



wo 93/13129 



12/22 



PCr/US92/11221 



O cc 

LU I— 



I 



in 
in 



o 

CD 



O 

CD 




lO 

in 



cn 



1 



in 
in 



o 
cn 



1 



o 



o 

CO > 

cDr~T 

J 

C7) 



E 

cr: 



E 

cr 



E 
cr 



BNSDOCID; <WO 9313129A1J_> 



wo 93/13129 PCT/US92/li221 

13/22 



Receptors: RARt RARyml RAR7m2 RARYm3 




I F 1 6; 4 d 




INSDOCID: <WO__9313129AlJ_> 



SUBSTltUTE SHEET 



wo 93/13129 



PCT/US92/11221 



14/22 



q: 

DC 




BNSDOCIDkWO 9313129A1_U> Ct\ IDOT"ff"' ITT— rM , ^ 



wd 93/13129 



15/22 



pcr7us92/n22i 




INSDOCID: <W0 93I3129A1J_> 



SUBSTrrUTE SHEET 



wo 93/13129 



16/22 



PCr/US92/ll221 




BNSDOCID: <WO 9313129A1J_> 



SUBSTITUTE SHEET 



WQ 93/13129 



17/22 



PCT/US92/11221 



14n 




wo 93/13129 



18/22 



PCr/US92/11221 




93131 29A1_L> 



SUBSTITUTE SHEET 



PCT/US92/11221 

WO 93/13129 

20/22 




BNSEjOCID: <WO G313129A1J_> O f I C OXfTf tTCT CU^*- 



^^^^^ PCT/US92/11221 

21/22' 



o 
o 

CM 



r~ CD 



03 




SUBSTITUTE SHEET 

3NSDOCID: <WO 9313129A1J_> ^ ■'W^;fi^i%](-t.^t' ■ ■-■,ri;i:' -^iw' 't,^- 



wo 93/13129 



22/22 



PCI7US92/11.221 




9313129A^ I _> 



SUBSTITUTE SHEET 



EOTIRNATIONAL SEARCH REPORT 



International application No. 
PCT/US92/11221 



I A. CLASSIFICATION OF SUBJECT MATTER 

IPC(5), :C07K 13/00, 15/06; C12Q 1/25, 1/68; COIN 33/68 

V^j^ :530/350, 358; 435/6, 7.6, 7.8; 436/63, 501 
I According to International Patent Classification (IPC) or to both national classification and IPC 

B. FIELDS SEARCHEO 

Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 530/350. 358; 435/6, 7.6, 7-8; 436/63, 501 

I Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
Databeses: USFTO - APS, Medline, Biosia 

Terms: RXR, RAR, steroid, thyroid, rctino?, receptor, hetero/dimcr 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category' 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



X 
Y 



X 
Y 



Cell, Volume 67, issued 2Q. December 1991, V. C. Yu et al., 
"RXRfl: A Coregulator That Enhances Binding of Retinoic Acid, 
Thyroid Hormone, and Vitamin D Receptors to Their Cognate 
Response Elements", pages 1251-1266, especially the Abstract and 
the final paragraph of the Discussion, page 1263. 

Cell, Volume 59, issued 17 November 1989, C. K. Glass et al., 
"Positive and Negative Regulation of Gene Transcription by a 
Retinoic Acid-Thyroid Hormone Receptor Heterodimer", pages 697- 
708, esi>ecially the Abstract and the final paragraph on page 706, 
first column. 

Nature, Volume 345, issued 17 May 1990, D. J. Mangelsdorf et al., 
"Nuclear receptor that identifies a novel retinoic acid response 
pathway", pages 224-229, especially the Abstract; page 224, column 
2; and page 227, paragraph bridging columns. 



1-3, 5-8. 11, 12. 
15-18. 20, 22. 23 
4, 9, 10, 13, 14, 
19 



13. 2Q 

1-12, 14-19, 
23 



1-23 



22, 



fx Further documents are listed in the continuation of Box C. | | See patent family annex. 



•A' 

"E" 
•L" 



-p- 



-^^Sfiecial caicgona of ched documents: ■ 

dociimezit defining tfac geoenl stKlc of Ihc ut whicfa is not conaidercd 
lo be pmA of pftrticular rcteviDcc 

cmriicr documoit published oo or aAer the inlcmstionmi filing date 

document which mmy throw doubts on pnarity claim(fl) or which ts 
cited lo esUbUah ihc publication date of aaotbcr citation or other 
Ipcciai rauoo (u specified) 



documoit rcferrins to mn on! dlsclomrc, use, exhibition or other 



document published prior to the iniemsdonal filing date but Uter thsn 
the priority date cLumed 



*T" later document published after the intenuttioiial filing date or priority 

date and not in conflict with tfac applicttion but cited to understand the 
principle or theory tuvieriying the inventioa 

'X' documeot of psiticulBr iclcvance; the claimed inventioa cannot be 

considered novel or cannot be considered to involve an inventive step 
when Ihc doctunent ia tAken alone 

*Y* document of particulftr relevance; the claimed inventioa cannot be 

coiuiderod lo involve an inventive atep when the document is 
combined with one or more other such documents, auch combinaltoa 
being.obvipufl to a person skilled in the ait 

'3c' Uocinnoit mociiber of the same patent fitmily 



Date of the actual completion of the international search 
08 Mariiii 1993 


Date of mailing of the international search report 1 

^2 MAP. 1993 1 


Name and mailing address of the ISA/US 
1 CommiasioiKr of Patents and TnidcmarkA 
Box PCT 

Washingion, D.C. 20231 
1 Facsimile No. NOT APPLICABLE 


DAVID L. FTTZGERALD/ ] / V 
Telephone No. (703) 308-0196 i 



Form PCT/ISA/210 (second shect)(JuIy 1992)* 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US92/11221 



Catcgoiy* 
X.P 



X.P 

Y,P 



CiUU-on of document, with indication, where appn^priatc. of the relevant pa.,ag.. 

EMBO Journal, Volume 11. Number 4, issued 1992 M. S. Marks 
f-tfll "H-2RnBP (KXR6) heterodimenzation provides a 
Sih;m™combmatorial diversity in the xegdat^on of -^o.c 
acid and thyroid hormone responsive genes , pages 1419-1435, 
especially the Abstract. 

Proceedings of the National Academy of Sciences of flie USA. 
vSII. issued February 1992, S. A. Hiewer et al Retinoid 
X receotor-COUP-TF interactions modulate retinoic acid 
l^?, pages 1448-1452, especially the Abstract and the entire 
Discussion bridging pages 1451-1452. 

Molecular and CeUular Biology. Volume 11. Number 10, issued 
^STl99l, M. A. et al., "DifferentiaL DNA Bmdmg by 

Monomeric, Homodimeric, and Potentially Heteromenc Forms of 
the Thyroid Hormone Receptor", pages 5005-5015. 

Cell. Volume 63, issued 16 November 1990, C. K. ^ass 
-MuWpfe Cell Type-Spedfic Proteins ^prentially^g^ate 
Target Sequence Recognition by the a Retmoic Acid Receptor , 
pages 729-738. 

Molecular Endocrinology, Volume 5. Number 1, issued 1991 D. 
S: Darling etal., ■■3,5,3'-Triiodothyronine (T3) Receptor-Aux^ 
Protein (TRAP) Binds DNA and Forms Heterodimers with the T3 
Receptor", pages 73-84. 



21. 23 
10, 13, 14, 22 



19. n-16. 20. 



21. 23 

3-10, 17-19, 22 



1-23 



1-23 



1-23 



Foim PCT/ISAy210 (continuation of second shcet)(July 1992)* 



<W0 9313129A1J_> 



1/22 




BNSOOCID; <WO 9313129A1TI_> 



SUaSTTTLnr SHEET 



2/22 



pcivusj>2/i.mi 




JNSDOCID: <WO 93t3129AlTI_> 



SUBSimrrE SHEET 



wo 93/1.3129 PCr/lfS«/11221 

3/22 



Exrroct: ^ t 3 

TRa: + + - 




FIG. 1c 



BNSDOCID: <WO 931312SA1TI_> 



SUBSTjTUTE SHEET 



4/22 



Tftct RARa 
+• + 
Receptors: TRcx RXRa RARa RXRa RKRa 

I II ] r'-~--T ! 1! 1 

"I'J. mm ^ ^ tj^ WW. wm mm- ^ wm ww 

RA: ----- + - + - + 




BNSDOCID: <WO e3l3l29A1TL> 



■M" suasTrrari SHEET 



5/22 




W095/13t29 



6/22 



u-..:^.. NJ...- — ~= 

■ ••ot'--FJag - - + 

.F,- R5CRa' - - - 

::p.-TRo,7 + 



+ + ^ + 

««- n>. «M ^ 4H ^ 4M. 

_ + *f 4. +: 4. 

+ + + + 



-f + 4 ^ -« 

+ + + + _ 



+ + 



life' 




8 9 10 II 12 13 14 



FIG. 2b 



3NS0OCID; <WO 9313129A1TI > 



SUBSTITUTE SHEET 



7/2.2 



+ - — 

a-Flor- "--'"-itlltl 

mj^ + * 

F"fiART^- + + + + « + 

T 




I 2 3 4. 5 6 7 8 9 10 11 12 13 14 



F I G. 2C 



BN SDpC I D: < WO 93 1 3 1 29A IT l_; 



SUaSTfTUTE SHEET 



8/22 



pcr/:us?2/:ii22i 



ro in 
i i 

4J m 



n in 

t I 

CD 

< H 

XD U 

H < 

u m 
u 

H < 

0 a 
in u 

I- < 

CJ 

1 I 

in h 



<: 
u 
h- 

CD 
CD 
<C 

u 
f- 

an 
< 

< 

u 
< 

to 



si 

u 
I- 

< 

< 



o 

LJ 
< 
CD 

a 

CJ 

< 

U CJ7 
CJ « 

CJ 

cn L> 
I I 

in h 



i 

CJ 



in 



D1 

a S 

< H 

U CD 

t ^ 

< H- 
U O 
CD O 

< 

U CD 

h* < 
h- < 

O (J 
CD O 

< H 
O 05 



I f 

in h 



10 



0 u 

CD CJ 

< H 

O CD 
I" < 

0 

erg (-> 

1 V 

in ?0 



I ? 
o 

a> " 

< I- 

CJ o 
U CJ 

< f- 

I- < 
CD U 

I- < 
LJ O 

< 

S o 

{£> CJ 

< h- 

O CD 

h- < 
^ o 

I I 

in fo 



ro 

CD 



UJ 
Of 



.■mmuj 



3NSD0C1D: <W0 9313129A1TL> 



9/22 



PCT/USP2-'I12Z1 




wo 93mm 



11/22 




BNSDOCtD; <WO 93131 29WT1_> 



SUBSTITUTE SHEET 



„V>B 93/1 3129 



12/22 



pcryijS«/ii22i 





BNSDOCID: <WO 9313129A1TL: 



SUBSTITUTE SHEET 



wo 93/13129 



PCT/USS3/1122) 




3NSDqCID: <Wp 631 3 1 29A IT L > 



15/22 



J J 

TKa: - 4- -f + 4^ 













1 


E 






















a: 












K- 




or 










+ 










f 

FIG. 5b 



BNSDOCID: <WO 9313129A1TI_> 



SUBSTTUn^ SHEET 



16/22 













£ 


















M 


— — as 






- + + 




+ 



i 



Iff tOr 



at 






3NSpOCID:<WO e313129A1TL> ' ' 



wo 93/13129 



PCT/US92ui'IT221 



17/22 




no RXfta RXRa RARa RARa ZSng* RARa 2509-^ 
receptor 5ng 25ng 25n9 RXRa5ng RXRa25ng 



FIG. 60 



BNSDOCID; <W0 9313129AlTL> 



wo 93/13129 



PCT/US93/11221 



18/22 



k 

X 



■fe 




^ CO 



. a> 



m 



T 



..1 ■ 







to 



CO; 



(uoiiohpui prof) 



o 



-'eh;:'' 



3NSD0CID; <WO e313129A1TL> 



SUlffnTUT:E.SHEET 

■ ■■ - ■ 



PCT:/LS92/11221 



19/22 



a: 

X 
£E 




T — r 



1 — r 



10 + 

+ 

CO + 



' o 4- 



(uoijonpur p[0^) 



BNSDOCID; <WO G313129A1TI_: 



SUBSTITUTE SHEET 



BNSOociD: <wo_G3i3i29AiTi_> I5 f rtti^TTTt'l VT^' C W-tCTT' 




BNSDOCiD: <WO 9313129A1TL> 



SUBSTITUTE SHEET 



22/22 




f«$i?-^siIraSTfi^ sheet 



BNSDOCID: <W0 9313120AJTI_> 



